Initially the development of platinum-based anticancer agents was focused on the synthesis and evaluation of complexes that obeyed structure-activity relationships (SARs) 1 set forth in the 1970's. From these studies, carboplatin and oxaliplatin were identified and both have gone on to receive worldwide approval as chemotherapeutics. Today they continue to play an important role in cancer treatment and management. However, the prevalence of inherent and acquired resistance to platinum treatment 2-4 requires the development of new complexes that operate through different mechanisms. Monofunctional DNA binding platinum(II) complexes represent an alternative class of very potent anticancer agents. 5 Unlike cisplatin and its derivatives, these complexes contain only one labile ligand and thus form a single covalent bond to DNA.
Pyriplatin, cis-diammine(pyridine)chloroplatinum(II), a monofunctional, cationic platinum(II) compound, displayed a spectrum of activity that differed from that of any of the clinically approved platinum drugs. 6 However, the overall potency of pyriplatin was much less than that of cisplatin in all cancer cell lines tested. We subsequently pursued a rational, structure-based approach for improving the potency of monofunctional platinum anticancer drugs. 7 By determining the X-ray structure of RNA polymerase II stalled at a pyriplatin adduct on a short DNA duplex containing a bound RNA, they deduced that the pyriplatin-DNA adduct may prevent translocation from the active site and block RNA chain elongation because of steric interactions and hydrogen bonding with the bridge helix, operating by a mechanism of transcription inhibition that differs from that of cis-DDP. Based on this rationale, phenanthriplatin was designed, synthesized, and discovered to have significantly greater efficacy for killing cancer cells than either cis-DDP or oxaliplatin. 6 Moreover, according to the National Cancer Institute (NCI) cytotoxicity screening assay, phenanthriplatin exhibited a unique cancer cell-killing profile compared to all other platinum agents held in the NCI archives. The success of phenanthriplatin strongly encouraged further study of monofunctional Pt(II) compounds as anticancer drug candidates. In the present work, we report the synthesis and anticancer activity of a trans-DDP based monofunctional phenanthridine Pt(II) complex, in further pursuit of novel platinum cancer drug candidates.
trans-[Pt(NH 3 ) 2 (phenanthridine)Cl]NO 3 , 1, was prepared following the procedure developed for phenanthriplatin 6 and characterized by a variety of analytical methods, including 1 H and 13 C NMR spectroscopy, ESI-MS, and elemental analysis. Complex 1 was also structurally investigated by single crystal Xray diffraction.
The solid-state study reveals that complex 1 adopts the expected square-planar coordination geometry with a trans arrangement of ammine ligands. Similar to phenanthriplatin, the plane of the phenanthridine ligand in complex 1 is approximately perpendicular to that of the platinum coordination plane (Fig. 1) . The distance between the platinum atom and the overhanging carbon atom on the phenanthridine ligand (black arrow in Fig. 1 ) of complex 1 (3.224 Å) is nearly identical to that previously reported for phenanthriplatin (3.220 Å). This observation suggests that, like phenanthriplatin, complex 1 may show selectivity for nucleophilic binding sites on DNA while inhibiting unfavourable reactions with cytoplasmic sulphur nucleophiles. We anticipated that, as with phenanthriplatin, the steric bulk of the phenanthridine ligand in complex 1 would impede procession of both DNA 8 and RNA 9 polymerases and may interfere with other essential enzymatic functions, 10 leading to potent anticancer activity. The in vitro anticancer activity of complex 1 was initially probed using fluorescence microscopy and the LIVE/DEAD cell assay, which is a combination of the ethidium homodimer-1 assay and staining with calcein AM (Fig. 2) . Live cells stained with calcein AM yield a green fluorescence signal, whereas dead cells exhibit no fluorescence or a red signal due to the ethidium homodimer-1. As observed in Fig. 2 , A2780 ovarian cancer cells treated with complex 1 (10 mM) for 48 h were mostly dead, while control cells without any drug treatment under the same conditions were alive. The IC 50 for complex 1 against A2780 at 48 h is 4.94 AE 1.52 mM.
The cytotoxicity of the newly synthesized monofunctional complex 1 was next evaluated against a panel of four human cancer cell lines of different origin (A2780, ovarian cancer; A2780CP70, cisplatin-resistant ovarian cancer; MCF-7, breast cancer; HCT116, colorectal cancer) using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide] assay (Table 1) . Cell viability was recorded after 72 h and compared to results obtained with cisplatin, oxaliplatin, and phenanthriplatin under identical conditions. Complex 1 displayed cytotoxicity similar to that of oxaliplatin but failed to perform as well as phenanthriplatin.
The selectivity of complex 1 for tumour cells over healthy cells was probed next. Normal lung fibroblasts (MRC5) and cancerous lung (A549) cells were used to evaluate the selectivity of complex 1 for cancer vs. healthy cells. Based on the MTT assay, the ratio of IC 50 values in healthy MRC5 cells to those in cancerous A549 cells was 0.9 for cisplatin compared with 2.9 for complex 1. The higher ratio obtained for complex 1 reveals its selectivity for cancer cells, at least in the cellular monolayer assays used in this study.
Next, we sought to quantitate the cellular uptake and the subcellular distribution of complex 1. The nuclei, cytoplasm, membrane, and whole cell concentrations of platinum were measured by graphite furnace atomic absorption spectroscopy (GFAAS) after treatment of the cells with the compounds for 5 h (Fig. 3) . Phenanthriplatin was used as a comparison, and oxaliplatin and cisplatin were used as controls. After 5 h incubation with the Pt compounds, phenanthriplatin and complex 1 were taken up by cells more effectively than cisplatin or oxaliplatin. These results reflect the ability of the larger, hydrophobic heterocyclic phenanthridine ligand to facilitate uptake of the phenanthriplatin and complex 1 cations through the cytoplasmic membrane. However, the uptake of phenanthriplatin is, surprisingly, much higher than that of complex 1, indicating that geometric isomerism may play an important role in cellular uptake. Most of the platinum is found in the cytoplasm. The higher cellular uptake of phenanthriplatin most likely contributes to its enhanced cytotoxicity compared with the other platinum compounds.
DNA is the cellular target of platinum-based anticancer agents, thus the ability of complex 1 to platinate nuclear DNA was assessed. Two million HCT116 cells were treated with growth medium containing 20 mM cisplatin, oxaliplatin, phenanthriplatin, or complex 1 for 5 h, followed by incubation in fresh media for an additional 16 h. The intracellular DNA was isolated and the quantity of bound platinum was measured by GFAAS. The extent of DNA platination was determined to be 23.2 AE 3.6 Pt adducts per 10 6 nucleotides for cisplatin, 6.7 AE 1.0 Pt adducts per 10 6 nucleotides for oxaliplatin, 87.8 AE 6.6 Pt adducts per 10 6 nucleotides for phenanthriplatin, and 6.3 AE 1.6 Pt adducts per 10 6 nucleotides for complex 1.
The effect of cisplatin, oxaliplatin, phenanthriplatin, and complex 1 on supercoiled pUC19 DNA in Tris-HCl buffer (0.1 M, pH 7.4) at 37 1C after incubating in the dark for 6 h was studied by agarose gel electrophoresis (Fig. 4 ). Comparing the migration of pUC19 in the presence of the different platinum agents we see that DNA modified by complex 1 behaves similarly to that modified by cisplatin and oxaliplatin. In contrast, migration of phenanthriplatin 11 treated DNA is consistent with relaxation of the negatively supercoiled plasmid in response to intercalation of, and/or photocleavage by, the phenanthridine ring. 12, 13 Our results therefore indicate that both the choice of coordinating ligands as well as the stereochemistry at the platinum center dictate the ability of platinum compounds to unwind duplex DNA. 14 gH2AX, the phosphorylated form of histone protein H2AX, is a known biomarker of DNA damage induced by platinum drugs. 15, 16 gH2AX can be detected by immunostaining. As shown in Fig. 5 , fluorescence microscopy was used to visualize the localization of gH2AX in the nucleus of HCT116 cells treated with complex 1, indicating genomic DNA damage. Apoptotic cells normally exhibit changes in cell morphology, such as blebbing, chromatin condensation, and nuclear fragmentation, which can be observed by fluorescence microscopy. As shown in Fig. 5 , morphological changes occur following treatment of HCT116 cells with 20 mM complex 1 for 24 h. Chromatin condensation and nuclear fragmentation were also identified by Hoechst staining. All these cell-based experiments clearly indicate that complex 1 can effectively induce DNA damage and thus lead to cell cycle arrest and apoptosis in cancer cells.
Finally, intestinal organoids are three-dimensional primary cultures derived from intestinal stem cells that closely recapitulate the in vivo tissue structure. 17 As previously described, organoid cellular composition closely mimics in vivo biology in terms of secretory function, absorptive function, and pathophysiologic states. 18 Organoid assays have therefore gained in popularity for assessing drug toxicity and selectivity in vivo. Furthermore, organoid cultures are amenable for highthroughput drug screening assays that can accurately predict in vivo outcomes. 19 The adenomatous polyposis coli (APC) gene product is essential for intestinal stem cell homeostasis as it regulates intracellular beta-catenin concentration and subsequent stem cell proliferation. Loss of function mutations in the APC gene occur as early events in a majority of colorectal cancers. 20 Additional oncogenic mutations such as those involving KRAS and TP53 subsequently occur and are associated with more aggressive tumor phenotypes, permitting local invasion and metastasis to lymph nodes and the liver.
To validate the efficacy of phenanthriplatin and complex 1, we utilized the Apc-knockout Kras G12D p53-knockout (AKP) engineered mouse intestinal cancer organoid model. By quantifying organoid formation, morphology, and cell viability, we determined the cytotoxicity of each drug (Fig. 6 ). Phenanthriplatin and complex 1 both exhibited significantly lower IC 50 values than that of both oxaliplatin and cisplatin. Taken together, these findings indicate that complex 1 has enhanced potency in treating intestinal cancers compared to oxaliplatin. In vivo studies are needed in order to understand how these results reflect the potential use of complex 1 clinically.
In conclusion, by replacing one of the chloride ligands of trans-DDP with the phenanthridine ligand, the monofunctional Pt(II) complex 1 was successfully synthesized, and it functioned 
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Chem. Commun., 2018, 00, 1À4 | 3 as an effective anticancer agent. The results of cellular uptake, DNA platination, and DNA unwinding studies show very different activities between phenanthriplatin and its geometric isomer complex 1. This result indicates that the stereochemistry at the Pt(II) center may play a great role in affecting the properties of monofunctional platinum based anticancer agents. Oxaliplatin, phenanthriplatin, and complex 1 inhibit AKP intestinal cancer organoid growth in vitro at different concentrations: (1) control AKP organoids exhibit a large cystic morphology, consistent with their highly prolific and poorly differentiated state; (2) oxaliplatin, phenanthriplatin, and complex 1 induce organoid death, as shown by cell necrosis within the organoid lumen.
